The product inhibition of potato (Solanum tuberosum) tuber pyrophosphate:fructose-6-phosphate phosphotransferase by inorganic pyrophosphate and inorganic phosphate has been studied. The binding of substrates for the forward (glycolytic) and the reverse (gluconeogenic) reaction is random order, and occurs with only weak competition between the substrate pair fructose-6-phosphate and pyrophosphate, and between the substrate pair fructose-1,6-bisphosphate and phosphate. Pyrophosphate is a powerful inhibitor of the reverse reaction, acting competitively to fructose-1,6-biphosphate and noncompetitively to phosphate. At the concentrations needed for catalysis of the reverse reaction, phosphate inhibits the forward reaction in a largely noncompetitive mode with respect to both fructose-6-phosphate and pyrophosphate. At higher concentrations, phosphate inhibits both the forward and the reverse reaction by decreasing the affinity for fructose-2,6-bisphosphate and thus, for the other three substrates. These results allow a model to be proposed, which describes the interactions between the substrates at the catalytic site. They also suggest the enzyme may be regulated in vivo by changes of the relation between metabolites and phosphate and could act as a means of controlling the cytosolic pyrophosphate concentration.
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Control of phosphofructokinase and fructose-1 ,6-bisphosphatase by Fru2,6P2,2 adenylates, and respiratory intermediates provides a framework to understand how glycolysis and gluconeogenesis are controlled in animals and fungi. However, plants possess an enzyme, called PFP, which is capable of substituting for both of these enzymes (1, 6, 21) . PFP was found originally in Entamoeba (19) and Proprionibacteria (18) and catalyses the freely reversible reaction Fru6P + PPi.Frul ,6P2 + Pi. The significance of PFP for plant metabolism is not yet understood (1, 8, 27) .
Fru2,6P2 activates PFP but does not activate phosphofructokinase from higher plants (7, 21, 32) . Accordingly, it has been suggested that increasing concentrations of Fru2,6P2 stimulate glycolysis by activating PFP, in analogy to the action of Fru2,6P2 on phosphofructokinase in other tissues (2-4, 8, 'Supported by the Deutsche Forschungsgemeinschaft (SFB 137). 1 1, 16, 23, 25, 32, 33) . However, measurements of metabolite levels have revealed that the reaction catalyzed by PFP is close to equilibrium in vivo (9, 34) . In this case, PFP might equally well operate in the gluconeogenic direction. Indeed, several studies of Fru2,6P2 levels and PFP activities in contrasting tissues have been interpreted as evidence that the reverse reaction provides carbon for synthesis of sugars, or PPi for sucrose mobilization via sucrose synthase (1, 4, 5, 9, 12, 17 13, 14, 32) . It is also known that Fru6P increases the affinity for Fru2,6P2, while Pi acts in the opposite manner as do a range of other anions (13, 14, 32) . These properties have been interpreted as evidence that the physiological role of PFP is in glycolysis (32) , or as consistent with it operating in either direction (4) , or as not providing any clear evidence about its role (13, 14) .
The following article reapproaches this problem by investigating the interactions between the various potential substrates and products of PFP. The products of a reaction are formed at the catalytic site, and are substrates for the reverse reaction. Consequently a product may act as an inhibitor by occupying the same site on the enzyme as the substrate from which it is derived. Since PFP catalyses a freely reversible reaction which lies close to equilibration in vivo, study of these interactions could be crucial for understanding how required for catalysis is revealed by a rising Vm. value. The KmaPP (Fru6P) and KmaPP (PPi) only increased by about 30% as the concentration of their reaction partner was increased ( Fig. 1) , and the KmaPP (Pi) only rose by 14% as the Frul,6P2 concentration was increased ( Fig. 2A) .
The response of KmaPP (Frul,6P2) to rising Pi was more complicated (Fig. 2B ). When Pi was increased up to about 1.5 mm, which is the range where it is needed for catalysis, the KmaPP (Fru 1,6P2) was unaffected or even declined slightly. When the Pi concentration was increased over the range from 2 to 12 mm, the KSaPP (Frul,612) increased 10-fold. This decreased affinity for Frul,6P2 was not accompanied by any change in Vmax.
PPi and the Reverse Reaction
PPi was a very effective inhibitor of the reverse reaction ( Fig. 3) , inhibiting competitively to Frul ,6P2 (Fig. 3A) . Derivative plots of KmaPP (Fru 1,6P2) against the PPi concentration yielded a Ki value of about 9 jAM in the presence of 0.25 mM Pi, or 16 gM in the presence of 8 mM Pi (Fig. 3B) . The inhibition by PPi could not be relieved by increasing the Fru2,6P2 concentration (not shown), and PPi did not significantly alter the KaPP (Fru2,6P2) (Fig. 3C) . The inhibition could not be overcome by increasing Pi (Fig. 3D) ; conversely PPi did not prevent the inhibition found when high Pi was present (Fig. 3D , compare also Fig. 3B ). 
Pi and the Forward Reaction
As previously reported (13, 14, 32) Previous studies have shown Pi alters the affinity for Fru2,6P2, and the Vm. in a complex manner (13) . This interaction was reinvestigated, paying attention to the possibility that the effect of Pi might vary, depending on the concentration used. The influence of Pi on the Fru2,6P2 affinity was tested when PFP was assayed in the forward (Fig.  5A ) and the reverse (Fig. 5B) ofthe forward reaction was decreased but this was less marked than at lower Pi concentrations.
The influence of other anions was also investigated, for comparison with Pi. Table I summarizes the influence of NaCl, and similar results were obtained with malate and nitrate (not shown). These anions led to a large decrease of the affinity for Fru2,6P2, decreased the affinity for Fru6P and Fru 1,6P2, but had only a small effect on the affinity for Pi and PPi. These results are very similar to these obtained with 3-phosphoglycerate on PFP from castor bean endosperm (13) .
DISCUSSION

Substrate-Product Interactions
There is little interaction between the binding of Fru6P and PPi for the forward reaction. There is also little interaction between the binding of the substrates for the reverse reaction, provided Pi is kept in the range of 0 to 1.7 mm. Since the KmaPP (Pi) was in the range of 0.25 to 0.4 mm, these results suggest that binding of Pi at the catalytic site does not strongly interfere with binding of Fru 1,6P2 (see below for further discussion). These results confirm the conclusion from studies of the castor bean endosperm enzyme (13) that PFP higher plants has random order binding, rather than the ping-pong mechanism proposed for the enzyme from pineapple (5).
PPi is a powerful inhibitor of the reverse reaction. The Ki values for inhibition are comparable to the Km (PPi) for the forward reaction. Fru2,6P2 does not relieve the inhibition by PPi (Fig. 3D) , nor does it strongly alter the Km (PPi) for the forward reaction (13, 14) . Both are also only weakly modified by Pi (Figs. lB and 3C ). Taken together, these results suggest PPi is acting as a true product inhibitor ofthe reverse reaction. Significantly, PPi inhibits competitively to Frul ,6P2 and noncompetitively to Pi (see below for further discussion).
The inhibition by Pi is more complex, but can be explained if Pi is acting in two different ways. One involves a largely noncompetitive inhibition of the forward reaction. This response is found when Pi is varied in the range up to 1.5 mm, which compares well with the concentration range where Pi is needed for catalysis in the reverse direction (Km = 0.29-0.45 mM). These effects may therefore reflect binding of Pi at the catalytic site. The second effect of Pi becomes apparent at concentrations above 2 mM, and results in a parallel inhibition of both the forward and the reverse reaction. This inhibition is associated with a very large decrease of the affinity for Plant Physiol. Vol. 89, 1989 Fru2,6P2. The smaller fall in the affinity for Fru6P and Frul,6P2 would then be the result of a lowered affinity for Fru2,6P2. A similar response is found with many other anions. The effects of Pi at high concentrations may therefore be due to it interfering with binding of Fru2,6P2, as has previously been suggested for many other anions (13, 14) .
Based on these results, a model can be proposed which describes the interactions between the substrates at the active site of PFP. Pi appears to bind at a site which is separated from the other three substrates, because it does not compete with PPi, Fru6P or Frul,6P2, when added at the concentrations which are needed for catalysis. PPi binds competitively to Frul,6P2, but does not compete strongly with Fru6P, suggesting PPi binds at a site shared by the phosphate esterified to the first carbon of Fru 1 ,6P2. In this case, PPi is bound in position for one of its constituent phosphates to be transfered onto the first carbon of Fru6P. The other Pi molecule will be extruded into the spatially separated binding site. This model predicts that a enzyme-Fru6P-PPi-Pi complex can be formed, and that this complex will be catalytically inactive because Pi is occupying the site into which the unutilized phosphate from PPi would normally be moved. The noncompetitive inhibition of the forward reaction by low Pi (see above) is consistent with the formation of this dead end complex.
PFP from higher plants has many similarities to PFP from Entamoeba (20) . This enzyme also has random order substrate binding, PPi inhibits competitively to Fru 1 ,6P2, and Pi inhibits noncompetitively to Fru6P and Pi. The higher plant PFP differs, of course, in being activated by Fru2,6P2. It is therefore interesting that no secondary effects of Pi on the substrate affinities of the Entamoeba enzyme were found, provided Mg2+ was not limiting. This comparison suggests the protozoan and plant enzyme have a basically similar mechanism at the active site, but that additional properties associated with the Fru2,6P2 activation have been added in the higher plant enzyme.
Physiological Consequences
It has been shown elsewhere that Fru2,6P2 binds at one kind of activator site and activates the forward and reverse reactions in parallel (29) Secondly, changes in the concentration of one metabolite will alter the affinity of PFP to the other metabolites, as well as the sensitivity to activation by Fru2,6P2. These thermodynamic and kinetic effects may interact, to allow marked alterations in the flux rate and direction as metabolic conditions alter.
If cytosolic Pi fell below 1 mm, there would be a selective activation ofthe forward reaction and restriction ofthe reverse reaction. However, the available estimates for the cytosolic Pi concentration are between 5 and 25 mM (15, 26) . At these concentrations, Pi modifies the activity of the forward and reverse reaction in parallel, by altering the sensitivity to Fru2,6P2. This activation of PFP by falling Pi would be amplified by rising Fru6P or Fru 1,6P2. These properties suggest that PFP will tend to become more active as the general level of metabolites in the cytosol increases, and Pi decreases. This effect would be amplified, if Fru2,6P2 rises in these conditions (24, 27, 28, 30) , due to activation of Fru6P,2-kinase and inhibition of Fru2,6P2ase by Fru6P (27) .
The levels of PPi found in plant tissues suggest the cytosolic concentration is about 200 Mm (9, 34) . This lies well above the Km (PPi) for the forward direction, although it might be noted that rising Fru 1,6P2 probably lowers the Km (PPi) (20) . The PPi concentrations found in vivo will also lead to a large increase of the Fru 1,6P2 concentration which is needed to support catalysis in the reverse mode.
It has been suggested that PFP could operate in a cycle with the phosphofructokinase or fructose-1,6-bisphosphatase to generate or consume PPi, respectively (1, 5) . The properties of PFP would suit it for a role in controlling the PPi concentration. When PPi is high, the reverse reaction would be inhibited, and the forward reaction would provide a way of consuming PPi. Conversely, falling PPi would activate the reverse reaction, so more PPi can be generated. Thus, these properties suggest PFP might be able to operate as a PPi-stat, which is engaged by rising Fru2,6P2 and/or falling Pi.
An integration of these potential roles of PFP in catalysing a net flow of carbon and in controlling the PPi concentration will only be possible when more is known about other reactions involved in the generation and consumption of PPi in the cytosol of plant cells. However, there are revealing differences between PFP and other enzymes involved in carbohydrate metabolism. During gluconeogenesis, high Fru 1 ,6P2 and low Pi would stimulate both PFP and the cytosolic fructose-1,6-bisphosphatase (27) . These two enzymes, however, will have opposite responses to Fru2,6P2, and will also differ in their response to the energy status in the cytosol. The Frul ,6Pase will be powerfully inhibited by AMP (27) , but PFP will be modulated by PPi. It can be envisaged how rising levels of Fru 1,6P1, and falling Pi signal that surplus carbon is available which cannot be used for respiration or growth (31) . Depending on the conditions, either the cytosolic fructose-1,6-bisphosphatase or PFP could catalyse their conversion to hexose P. There are also differences between PFP, and the enzymes which provide the classical control sites for glycolysis. Phosphofructokinase is activated high Pi, and is inhibited by phosphoenolpyruvate (10, 31) . These are the properties expected for an enzyme which is responding to the demand for respiratory substrates. In contrast, PFP is more likely to become active in conditions of low Pi and high sugar phosphates (see above) and is also subject to higher levels of control, via Fru2,6P2. Such properties suggest PFP does not just respond to changes in the demand for respiratory substrates. Rather, it may provide a way of modifying fluxes in response to external factors, or when large amounts of carbon are being moved between starch, sucrose and organic acids. This resembles the idea that plants may have 'maintenance' and 'adaptive' pathways for carbohydrate metabolism (5 Fru6P could allow a considerable flexibility in the response of primary metabolism to these contrasting demands.
